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[Editorst Note]: This a r t i o l e  r e p r e s e n t s  the exposi- 
t i o n  o f  8 paper presented a t  t he  e c i e n t i f i o  session of the De- 
partment of General and Applied Fhysios of the Aoadany of  S c i -  
en088 USSR 11 BJoveniber €364, 

Plasma -- Fomth State of Matter 

preeent-day taoienoe, It La, r a the r ,  a kind o f  outlying s t ree t ,  
l a t e l y  made over from a desola te  a l lege  Practically speaking, 

b it l i a ~  h a d  two births: the first i n v e s t i g a t i o n s  r e l a t i n g  t o  
glaaxm phys ios  appeared a t  the beginning of t h i s  century, and 
plasma ghysias  then had a rebirth in about the fifties owing 
t o  the emrgence of the idea of m n t r o l l e d  thermonuclear syn- 
theeita. The severa l  intervening deoades between the two pe- 
r i o d s  of development were years  when this problem Languished 
in p r a o t i c a l l y  mnplete oblivion and plasma physios was i n -  
d ~ e d  a moat d e s o l a t e  byway, 

p r i n o i g e l  incent ive8  for i t 8  development i n  both the first and 
the taeoond phase were i t 6  praotice1 a p p l i m t i o n s ,  understood 
in  the broadest sense of the word. This a p p l i e s  e speo ia l ly  
t o  the preaent-dag pe r iod  when the  g r e a t e s t  i n t e r e a t  foowaes 
on the phyaios af high-tanpcrrature plasma, vhich i n  i t 8  t u r n  
18 o lose ly  l i n k e d  with the problem of oont ro l led  thermonuclear 
slgatbasiu [See Note]. Moreover, plasm physioa has taken on 
new eiRniflcmnoe iu& nom beoause it h a s  becorns %he 8cientil”io 

Plasma physics is not n u b e r e d  among the main Linea of 
1 

A oharaeterietie fea ture  of p l a s m  phyeics is that  the 

founda%on of the-magnetohydrodynamic method for t ransfonaing  
thermal energy in to  eleotrio aneuTgg. 
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[Note]: See PriroBa (Nature), 1937, No, I, pp  18-25, 

During the  f l r e t  a t ago  of development plasma waa of 
intarerat  to  phys io is te  primarily a s  a v e r y  unique oonduotor 
of e l e o t r i c  au r ren t  and, a t  the same time, 88 a s w o e  of  
l i g h t ,  It was with sese properties o f  p l a s m  tihat i ts  prao- 
t i c a l  a p p l i c a t i o n s  in gas-dieeharge technology and illumina- 
t i o n  engineering were aonneoted, 

A% ppreeent w@ 888 plaame in a oompletely diff'armt 
l ight ,  It is a new high-temperature s t a t e  of matt- and, in 
a d d i t i o n ,  a kind,  of dynamic system, 
a g r e a t e r  ex ten t  a8 an o b J e o t  acted upon by magnetict foroes.  

Plasma i n t e r e s t s  - - t o  

This aspea t  of t h e  dynsmnioe; of p l a s m  is making a 
definite ilgparint on a l l  oontemporary formulat ion of r e s e a r a h  
in t h i s  domain, and it is t h i s  aspea t  whioh in faet is used 
not o n l y  i n  eolving the problem o f  oon t ro l l ed  thermonuclear 
syn thes i s ,  but a l s o  i n  the magnetohydrodynamio method o f  
ener gy conv ersi on 

Cold and Hot Plasma 

ghysios of very hot plasma, Let u8 s t a r t  off  with a compara- 
t i v e  oharaateriezation, on the one hand, o f  the cold plasma 
used in the technology of gas-disoharge deviues  and, on the 
other, the hi&-temperature plasma uhieh we are endeavoring 
t o  produoe in eonneotion with the problem o f  oont ro l led  ayn- 
thesis, 

This a r t i o l e  is devoted t o  only a few problems i n  the 

Plasma i s  charaoter ized  by the fbllowing findamental  
paranetera:  e l e o t m n  aonmnt ra t ion ;  e l e o t r o n i e  temperature 
T,; ion io  t a n g a r a t u r e  Ti; and coe f f i c i en t  OL whioh d 0 t e r m i . n ~  
the degree o f  i o n i e a t i o n ,  i, e, the r a t i o  of the number of 
oharged particles t o  the t o t a L  number o f  p a r t i c l e s  in the sgs- 
t-, 

When we t a l k  about @ I d  gas-discharge plasma, the value 
of CX in t h i s  oaae is small in oomparison with one, The value 
Of T, ira of the order of lo4 degree8 (oonverted in to  e leo t ron-  
v o l t s ,  t h i s  i s  of t h e  o rde r  of one e l e o t r o n v o l t ) ,  and ionio 
temperature  is e i g n i f i c a n t l y  lower than e l e o t r o n i o  temperature,  

Thie is a rough oharaa te r iaa t ion  of the fundamantal  
parametera of the ord ina ry  oold plaema which we have 80 far 
encountered, The glatams whioh is needed for the thermonu- 
Ohmr genera tors  of the future has quite d i f f e r e n t  p rope r t i e s .  
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In  the first, place,  it must be totally ion ized;  w e f f i c i e n t  0~ 
i l e r  p r a c t i c a l l y  equal t o  one, I n  the second pl 'am, e l e c t r o n i c  
and i o n i c  temperature must be apprmirnatelg of  the o rde r  o f  
108=109 degrees, which oorresponds to averagb par t io le ,  energg 
o f  the order of taas of  elecrtronvolts,  We must indeed pro- 
duce this s t a t e  o f  matter i n  order t o  solve the  problem of 
oont ro l led  thermonuclear synthesis. It is t m r d a  this @a1 
t h a t  all our effcrrts are eoncantrated a t  the p r s s e a t  time, 

Theorg anit Exper i m e n t  

Essentially,   the^ ihndamental problem i n  the physics 
of h ie - t empera tu re  plasma i s  simply t o  o r a a t e  the very ob- 
Jeot of i n v e s t i g a t i o n ,  This problem of obtaining a new s t a t e  
of matt- can be e tudied  fn 8 "tm-diPiB)nsionaln aspeo t ,  i ,  e, 
#hela glasaa ie dseeribed by equations laid doan OB pager, and 
in a nthree-dimensionaln aspea t  when we are obliged uonerects- 
l y  t o  prodam t h i s  new state, of m a t t e r ,  I n  oon t r a s t  to t he  
first stapeat, under whiah i m e s t i g a t i o n a  have advancred very 
far and the theory of h i $ ~ - t m p a r e t n r e  plasma has a t t a i n e d  
v e r y  haportant resul ts ,  experimental  i n v e s t i g a t i o n s  are still 
in only the very i n i t i a l  s t a g e  -0  f o r  t h e  pre88nt them &a 
no w a y  fir them t o  eatoh u p  with theory,  

This disproportion is oharaotaristic of  present-day 
plasma physicw, But nonetheless  we m u s t  begin our expos i t ion  
precisely with an analysis o f  the Viwo-dimensI.onaln a spec t ,  
i, e, the r e s u l t s  of theoretical research on plasma, beoause 
t h e  very flrst t h e o r a t i o a l  eonoluaions have Served as: the 
starting p o i n t  fbr the development o f  t h s  main d i r e c t i o n s  
i . ~  expar inenta t  ion, 

The I n t e r a a t i o n  o f  P a r t i o l r s  in Plasma 

High-tenperatwe phsma a n  be regarded a8 a mixture 
of two ideal g a m e ,  Bleatirons 8erve a s  one oomponent, ions 
a a  the o t h e r ,  For a imaio i tg  we shall conrsider that  we are 
dealing with hydrogen plasma, Thi8 aseumption ha8 110 Sig- 
n i f i o a n t  influence on the rwsulta. 

The ooncentrat iona of ions and e l e o t r o n s  in Ugh- 
temperature plasm have t o  o a t i a f g  the condi t ion of quasi- 
n e u t 3 a l i t  , T h i s  condi t ion means t h a t  rsspaoe c?harges are d mu ua y compensated, 

Thus, we are  dea l ing  with t W Q  ideal gases present in 
d i f f e r e n t  quantittess, 
is, in a e e r t a i n  smse of the word, t h e  simplest  case of Q 

Fro= a thcloretioal point  of vier this 
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system with c o l l e c t i v e  ln t e rao t ion  of  particles.  They are 
Coulomb i n t e r a o t l o n s  of ind iv idua l  oharged p a r t i c l e s  among 
themselves, which oan approximately be deser ibed a8 wCoulomb 
o o l l i s i o n 8 ,  

Of c w s e ,  Coulomb in t e rao t ion  of p a r t i c l e s  i n  plasma 
leaves  a def in i t e  imprint  on t h e  gene ra l  y rope r t i e s  o f  such 
a gas,  If we want (and this i e  o f t e n  necessary,  a t  least i n  
the a n a l y a i s  of experiments) t o  i n v e s t i g a t e  such phenomena ae, 
free mean path, eefeotive @roes Beetion, and mean t i m e  betmeen 
collisions, we m u s t  take in to  account the s p e a i f i o  prope r t i em 
of the process, In oon t ra s t  t o  the elementary pleture where 
we consider  t h a t  mch p a r t i c l e  mares r e o t i l i n e a r l y  and ex- 
per i ences  brief c o l l i s i o n s ,  he re  we are  deal ing  essentially 
with prooessea of mult ip le  soattarin4 -- with the p r i n c i p a l  
r o l e  here being played by small-angle de f l ee t ions ,  arid this 
has as a result t ha t  t r a J e o t o r I e 8  must gradua l ly  change t h e i r  
d i r e o t i o n  (Figure 1). But nevertheless we can determine the  
valuss  necessary in o r d e r  to operate with plasma Just  as we 
oparate with o rd ina ry  gas in elementary k ine t ie  theory, 

. 

Flgnre 1, Trajeotory o f  charged p a r t i c l a  
in plaema 

In p a r t i o u l a r ,  effeotive m o s s  8eot ion  Q uharaoterlz- 
ing  the ~p.oeesses of Coulomb o o l l i s i o n  can be i r r i t t en  approx- 
imately thus:  

3- IO-' 
Q = ~g CAS, 

where T is the temperature of the corresponding oomponent in 
degreez,  
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Important he re  i s  t h e  f a o t  t h a t  the effective c r o s ~  
seo t ion  of Coulomb i n t e r a u t i o n  among p a r t i c l e s  of  fully 
ion ized  plasma deoreasea very r a p i d l y  as tempmature rises, 

Gas without Collisions 

A t  a tampmature whioh is c h a r a c t e r i s t i c  of the  thermo- 
nuclear level, i ,  e, around one b i l l i o n  Uegrees, the e i i e o t i v e  
COU101nb-OOlXi8iOn cross m c t i o n  becomes a very  small v a l u e  of 
tihe order  of LIQ ea, Consequently in the processes  
whioh w@ ordinarily consider i n  studying t h e  behavior o f  
high-temperature glasma eo l l i s ions  cannot play a 8 i g n i f i o a n t  
part, I n  a ooafinecl spaoe high-temperature p l a m  @an ln 
many i n s t a n c e s  be regarded a8  a mixture of two gases in 
whioh c o l l i s i o n s  b e t m e n  p a r t i c l e g  do n o t  take place, 

owing t o  the  low m a g n i t a e  of the e i f eo t ive  collision 
m o s s  Beation, plasma 18 of  course a good conductor of el-- 
t r i c i t y ,  i ts m n d u c t i v i t y  inoreasing rapidly wi th  the in -  
oreaas  o f  temperature ,  and a t  T- one b i l l i o n  degrees the 
oonduotivi ty  o f  hydrogen plasma should exoeed the uondnctiv- 
i tg  at 61 highly oondwt ive  metal (si lver or oopper) s e v e r a l  
hundred times, If the Wliedemaan-Franz law hold8 true i n  
t h i a  oaae, plasma should also be a ve ry  good heat o m d u c t o r ,  

Such ar6 t h e  c h a r a o t a r i s t i o  p r o p e r t i e s  of high-tenger- 
a t u r e  p l a m a  as predioted by themy. 

Natura l ly  when r e  set  ourselves  t h e  problem o f  produc- 
ing  thier new s ta te  of mat ter ,  i t  is p r e c i s e l y  these  proper-  
t i e s  with &ich we have to reckon. It follows h e m e ,  i n  par- 
t i c u l a r ,  t h a t  high-temperature p l a s m  oan be produced only 
provided it w i l l  oeoupy a c e r t a i n  l i m i t e d  space, without 
r e a s t i n g  over i t a  e n t i r e  sur face  with anything a p a r t  from 
a hip$ vaeuun, 
means of s t rong  magnetia fields, That is e y  the p r i n c i p a l  
r o l e  i n  &e physics of  high-temperature phr~m is played by 
the process of t h e  plasmafs i n t e r a e t i o n  with s t r o n g  xuagnetio 
f i e l d a ,  Laoking these, it is hopeless  to  try t o  o r e a t a  high- 
temperature plasma because only they are able t o  ctonfine 
plaanm wi th in  a o e r t a i n  region of space and heat  it up r i t h -  
Out d i s a s t r o u s  leakage of energy. 

ObViOu8ly this can be ef feo ted  only by 
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Plasm and Magnetio F i e l d  

. 

Let  us pass on t o  the general  laws which aharaeterize 
thirJ interraotion, Clearly, if we approaoh the  quest ion a8 
t o  t h e  p r o p e r t i e s  of high-tempareture plasma from a miero- 

io point  of view, a magnstio f i e l d  r e s t r i a t s  the movemnt 

m a t  is plasma from the maarose ic point  o f  v i e r ?  

.Ftk arged p a r t i c l e s ,  t w i s t i n g  the t r a J e u t o r g  o f  each& them. 

It is a diamagnetio gas w h i c h  re  + uoes aagnetia f i e l d  inten-  
sity in the space mhioh it oooupies, Created in conformity 
therewith is t h a t  d i f f e r m o o  i n  magnetio presaaree H2/8?f ,  
whierh oonfines t h e  plaema in this  ~p1pao8, 

When we d e a l  with a t rong  l i n e s  o f  f o r m  p a r a l l e l  t o  
one another, the pressure of plasma P oan be said t o  equal 
t h e  d i f f e rence  between magnetio prreszurea: 

H i  Hi 
an 8n p = - - - .  

where H and H are magnetio f i e l d  i n t e n s i t i e s  outsfde and 
i n s i d e  the plasma. 
magnetic field, an equat ion of the follarnring typs can be 
w r i t  t an  : 

1 2 
I n  the more wmon oase for plasma in a 

where @ fs plasma dens i ty  m d  - a aouelera t ion .  

Aotual ly  this i s  Newton's second l a w  appl i sd  t o  pres- 
2 

877' 
sura P5H 

Magnetti0 Wapa 

Here we must note  t h a t  the most s i g n i f i c a n t  role dur- 
ing the e a r l y ,  i n i t i a l  s t a g e  of development of research on 
hot-pia- phgsies uasI played by lgtn4ying the poasible equi- 
librium oonf igu ra t ions  of plasm in a magnetic f i e l d .  

Est us enumerate the m e t  important equilibrium con- 
f i g u r a t i o n s  of p l a s m ,  Let us start with systems that t18e the 
pinah effeet, Here a magnetia f i e l d  wnfining the plasma 
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pressure i s  produced by a current flowing mer the plaemac 
itself under the in f luence  of  a vo l tage  p o t e n t i a l  app l i ed  
f r o m  t h e  o a t s i d e .  Thenre is 8 large group of systems O f  this 
kind whioh can be used t o  obtain and w n f i n e  hie-temperature 
pU-0 

The number of so-aalled magnet i o  t r a p  is very large, 
They a re  devioes  i n  whioh we *plungen p l a s m  i n t o  an e x t e r n a l  
magnetio fleld and by m a n s  thereof  oonfine f t  i n  a m s t r l a t -  
ed reg ion ,  Roaghly apeelring, they can be d i s t r i b u t e d  over  
the fol lowing groups, To the first group belong the so-callfsd 
o en t r a  in whioh plasma i a  a n f i n e d  i n  a o e r t a i n  region of  - sgaoe w t open magnetio-field l i n e s  o f  mroe, The second 
group inoludas *ape of t o r o i d a l  form w i t h  aPosed plaemsr 

inches, This form m y  be d i  ratorted one way o r  another  but k- preserve6 i ts  fundamental t o p o l o g i m l  properties, 

Let UB have a b r i &  look a t  Phat the open-type mag- 
netic t r a p  is , It is a system baeed on the *et t h a t  t h e  
mtiora of crharmd m r t i c l e a  i n  a magnetia f ie ld  i s  snbjeot  
to a general 1k 0: the pr ina ip le  o f a d i a b a t i o  i tmarianos,  
It holda true if magnetia f i e l d  i n t e n s i t g  does not vary  %oO 
s h a r p l y  throughout the region here under study by us, 
d u r i n g  the movement of  p s r t i o l e s  the quan t i tg  which is called 
the a d i a b a t i o  inva r i an t  preagves  a constant valua: 

Then 

Here pP1 18 k ine t i c  energy, and v1 i p 1  oircular v e l o c i t y  o f  
tranaveirsa r o t a t i o n ,  Thanks t o  this law, i f  a particle moves 
a long  the l i n e s  of fb re s ,  when it e n t e r 8  ths region of  a 
more p o w ~ A z 1  f i e l d ,  its k ine t i c  energy of transverse rota- 
t i o n  inoreaotm in proportion t o  f i e l d  intensity,  And inas-  
mueh a s  total k i n e t i o  energy in a magnetics f i e l d  doers n o t  
ohanga, Wl oonsequentlg reaches t o t a l  k i n s t i o  e n e g y ,  i, e, 
lengthwiets motion o e a a e ~ ~ ,  Longitudinal v e l o c i t y  0hange:e t o  
zero  and then ohanges its a i m .  Thus p a r t i a l e s  en te r ing  the 
r eg ion  of a s t rong  f i e l d  rebound i n  the opposite d i r e c t i o n .  

This is t h e  working p r inc ip l e  of a l l  open t r a p s ,  The 
s i m p l e s t  t r a p  of such type w i i l  be a system i n  wiiioh the smg- 
n e t i o  l i n e  8 of ibr oe have the s t ruo tu re  shown in Figure 2, 

7 



1 H" .. 1 

Figure 8 ,  F i e l d  with magnetic mirrors 

Key: 1. ma% 

S u a  a f i e l d  can be created by meam of two 0013.s eon- 
duoting a crurrent i n  one direot ion.  

Such a t r a p  was first suggested by A, M. Budker who 
Oallefi a t t e n t i o n  t o  the poeo ib i l i t y  of w i n g  the principle of 
a d i a t a t i o  invar ianoa  t o  oonffmre oharged p a r t i c l e s  and plasnna 
in smterns of t h i s  type ,  

I w a n t  t o  n o t e  t h a t  n o t  every p a r t i o l e  is conf ined in  
such a field: the ones ease veloeity l a  dfseo ted  e x a c t l y  
along the  line o f  formi r i l l  slip o u t  o f  it, but a consid- 
erable 1 q a ~ t W s  oi the partiales uan be retained, That ia 
why in Bigh-tenpeatuPe plasm we 0811 disregard pmticle eo1- 
l i a i o n s ;  the par t ic les  o m  be b p t  for a long time i n  e sag- 
n e t i o  trap u n t i l  they  u o l l i d e  with one another i n  suoh a wag 
that the i r  ve lou i ty  vaetor is turned along the, linea of force. 

It is ax t r ane ly  crasy t o  produce pltirame In this group 
O f  Systems, 
mental and theoretiual work8 hm been devoted t o  analyzing 
the behavior of p h S =  thOZ?eh, 

observe that their number inoludee the ingenionmr mgnetlo 
t r ap ,  c a l l e d  the "Stellarator," r h i c h  has been s t u d i e d  for 
many years i n  the USA. 

What Has Been Done Experimentalu? 

finement of plasma i n  a magnetic f i e l d ,  t h i s  w i l l  no t  meau 
t h a t  t he  problem is solved a s  we bel ieved a t  an earlier s t a m  
o f  i n v e s t i @ t i o n .  A near question. arises: If plasma is in 

Therefore a aonsiderable portion Of the expe;ri- 

1 s h a l l  not d w e l l  on d o s e d  systems, I want only tQ 

Even if we master the problem of the tBC@il'oriuuL WE- 



equi l ibr ium, w i l l  t h i s  equi l ibr ium be s t a b l e ?  The s t a b i l i t  
roblem ie the number-one problem in the present-day + p ys c8 

upon how ne are a b l e  t o  master i t  t h a t  the grospeots of con- 
t r o  l l e d  thermonuclear synthes ie  depend. 

!+-- high-temperature p l a m a .  I n  p a r t i c u l a r ,  i t  is preuiselp 

Exper imnta  1 researeh on the physlcs  of high-temperaturn 
plasma was i n i t i a t e d  i n  o w  country,  in the USA and in Zng- 
l a n d  approximately in the 1950'8 -- ea& eountry o f  n e c e s s i t y  
having t o  aat independently iaaawmh a s  this r e sea rch  ua8 con- 
ductted under the c loak  o f  profound ae@recy. 

I should like to  nota  two funny oireumstancers whioh 
a r e  perhape not 80 s i g n i f i c a n t  for this per t iou la r  field as 
they  a r e ,  r a t h e r ,  o f  a genera l  oharacter .  

I n  the first p lace ,  a gurely psgohologioal f a a t o r .  
The f a c t  that t h e  eloak o f  seareog existed and there was no 
one t o  f o l l o u  who had gone ahead t o  pave t he  way in some 
measure st imulated i n i t i a  t i v e  and independenae i n  working 
out the problem, We ware obliged to  develop ou r  own methods 
without looking t o  anybody else. This a p p l i e s  not only to  
UB, b u t  a l e0  t o  the Americans and Englishmf3n. 

absence of  information n a s  a b e n e f i c i a l ,  r a t h e r  than an ad- 
vmse f a e t o r ,  It was neceaaarg in the =me way t h a t  i n  a 
developing i n d u t m  p r ~ t e r c t i v e  tariffs are  neoessary 

I must say t h a t  a t  the i n i t i a l  s t age  o f  work t h i s  

This does not mean t h a t  I tm f o r  t he  preservation o f  
seoreoy, p'ar from it: Sooner ar la ter  the mantle o f  seorecg 
ha8 to be l i f t e d  from s o i e n t i f i o  work. 

The aeoooB i n t e r e a t i n g  ofroumstanoe i s  the experimental 
demonstration of the oneness-of human thinking.  Whan a t  the 
Second Geneva Conferenae results and ideas were compared f o r  
t he  first time, experimentation with high-t anpara t u r e  plasm 
was s t i l l  a t  a low level, But c u r i o u s l y  enough, t h e  ideas  
were abso lu te ly  i d e n t i c a l .  Even the l abora tory  jargon was 
i d e n t i c a l ,  Not only the general  ideas ,  b u t  even the conc re t e  
progosa ls  had a p r a c t i o a l l y  i c l e n t i c a l  charaoter  and had bean 
advanoed a t  a l m s t  t h e  sans time. 

Let ui8 pass on now t o  an exposit ion o f  e e r i m e n t a l  
r e s u l t 8 .  Here we shaU be v e r y  LA=* - *  A= ha yyvu-- no 11 ma + enperimen a 
r e sea rch  on plaama physios is s t i l l  in a beginning state.  I 
can t e l l  about these r e s u l t s ,  relying mainly on our  work i n  
the Sovie t  Union s i n c e  Soviet  physiue has had a worthy place 
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i n  the work on these problems, The r e sea rch  under way in the 
USSR enconpassea all the  most important t r e n d s  i n  the physics 
of high-t enpera ture plasma. 

The n a t u r a l  incept ion  of this work was t o  s tudy the 
simplest  prooess: a s t r o n g  pulse of cu r ren t  is passed through 
deuterium or other  l i g h t  matter which r a p i d l y  heats up. The 
ourren t  fulfills both the heat ing funot ion  and the f i n e t i o n  
o f  confining the plasma by means of i t a  proper  magnetie f ie ld ,  
The good thing about  thew experinrcsnts is t h a t  they require 
comparatively simple teohnique, One t a k e s  a porce la in  olp 
glass disoharge t u b e  and by means of the appropr ia te  measur- 
i ng  aggaralus observes what happens t o  rapidly-forming plasma 
i n  the spaoe of s e v e r a l  mioroseconds, 

T h i s  work had a s  ita result the swoess iu l  production 
for t h e  f i r e t  t i m e  in the  laboratory of plasm w i t h  a temper- 
a t u r e  o f  a m i l l i o n  degrees and with a d e n s i t y  o f  t h  e o r d e r  of 
1016-1016 particles per cubio oentimeter,  

The moat i n t e r e s t i n g  phenomenon disoovered here was 
the appearanoe o f  h a r d  r ad ia t ion :  when an electric3 p o t e n t i a l  
o f  5-10 kilovoltsr i a  appl ied to a tube,  gamma r a p  o r i g i n a t e  
with a oonsiderably higher enmgy than that which oorresponds 
t o  the app l i ed  e l e o t r i o  po ten t i a l .  

During work with deuterium even neutron emission is ob- 
served,  These h a r d  r a d i a t i o n s  o r i a n a t e ,  a s  has been suooese- 
f u l l y  &own, i n  t$e main not in consequence of thermonuclear 
r e a o t i o n s ,  bu t  a s  a r e s u l t  of the processe~, of eleotromag- 
n e t i o  p a r t i c l e  eooe le ra t ion ,  

We m u s t  n o t e  yet  another circumstance.  I n  this pro- 
0888 we c3an hold a high temperature for only  a very brief  
interval of ti-, p r imar i ly  beoause i n  swh plasma the uur- 

-%%$EiiE , Herrre we encountered fbr the first time the 
i n s t a b i l i t y  phenomenon i n  plasma i n  the s imples t  form, in 
the form of i n s t a b i l i t y  of  soft  conductors t h a t  have no 
hardness -0 the aimplest  type  o f  magnetio i n s t a b i l i t y .  Ways 
of s t a b i l i z i n g  plasma pinches had to be sought.  And th i s  
l e d  us to systems i n  which such i n s t a b i l i t y ,  peonliar t o  
s t r o n g  c u r r e n t a ,  was eliminated, 

inoh (Figure 3) proves t o  be uns tab le ,  as i8 every 

As t h e o r e t i c a l  i n v e ~ t i g i t i o n s  have shorn -- and theory 
ha8  always l e d  experimentation fbrward, the neoessary oondi- 
t i o n s  f o r  are m e a t e d  when an e l e o t r i o  d ischarge  appears 
i n  a very s t roog  long i tud ina l  magnetio f i e l d .  If t h e  in ten-  

10 



s i t y  of  the l ong i tud ina l  magnetia f i e l d  is very great,  i t  
beoomes pO88ible  t o  marcome the  mst hazardous large-scale 
i n s t a b i l i t i e s  pecu l i a r  t o  plasma oonduotors, In  ease we 
want t o  produce the quas i s t a t iona ry  condi t ions  f o r  heating ng 

I the p l a s m ,  we must s w i t c h  from a d i r e o t  eonductor t o  a 
olosed conductor,  I ,  e, t o  eystems o f  the t o r o i d a l  type, 
Such systems a m  one of the  iundamental. re asarch subjects 
i n  the present-day physios o f  hi&-tsmperature plasma. 

, 

Figure 3, Simplest  types of  deformation t h a t  
a plasma column oan experieme a8 a result of 
random f l tmtua t ions :  l oca l  o o n s t r i c t i o n  of 
plasm pinoh (a t  left); and wriggle of plasma 

pinch ( a t  r ight  ) , 

I n s i d e  t h e  &amber confining the plasma an e l e o t r l e  
ourrent  is orea ted  by induct ion,  a n d  b y  means of c o i l s  a 
l o n g i t u d i n a l  m g n e t i c  field which serves as an effeertive 
stabilizer of glasma i n s t a b i l i t y  (Figure 4 ) .  

In  wstems o f  t h i s  type we have been able oornpletely 
t o  overcorns large-soale p l a s m  i n s t a b i l i t y ,  just as t h e o r y  
had p e d i a t e d .  

H o w e ~ e r  a t  petsent it is sti l l  impossible t o  say t h a t  
such a pinch is  completely atabie .  %e oamot aoi jert  tha t  
there  a r e  n o t  some small-scale i n s t a b i l i t i e s  which are hardly 
d i s o e r n i b l e  on osc inograms,  but which result i n  very r a p i d  
leakage of heat  and particles. O n u  prolonged work will be 
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able t o  demonstrate whether one a n ,  by proceeding i n  this 
way, b r i n g  about t o t a l  s t a b i l i z a t i o n  of the  plasma pinch as 
far as all k inds  o f  i n s t a b i l i t y  are concerned. 

Figure 4, Diagram of t o ro ida l  disaharge oham- 
bear with l o n g i t u d i n a l  magnetic f i e l d ;  i n t e r n a l  
ahamber or  liner (11, external copper ahamber 
(2), winding t h a t  3roducea l o n g i t u d i n a l  magnet- 
i'ij f i e l d  (3), primary transformer winding ( the  
seoondary 3 i n d i n g  is plasm t u r n )  ( 4 )  , i r o n  

 re ( 5 ) .  

A t  p re sen t  we have plasma pinches with a tempera ture  
( e l e o t r o n i c  and I o n i c )  of  several m i l l i o n  degrees w i t h  a aon- 
c e n t r a t i o n  of the order  of  LO'' p a r t i c l e s  per oubic oent imeter  
and  with p l a s m - p a r t i o l e  oonf inemnt- t i -  determineid by oau- 
t i o u s  estimates t o  xast for a t  least  aeveral milliseconds, i. 
e. i t  has been possible a i g n i f i c a n t l y  t o  lengthen me Rli fe- 
span" o f  p a r t i c l e s  i n  plasma, 

d e s i g n a t i o n  "Tokamak." 

lem o f  open magnetic t r a p s ,  In  p a r t i c u l a r ,  a great deal o f  
work was devoted t o  v e r y  simple t r a m  with magnetic mirrors. 
nc a.L ------+ ~ A - W U W L A ~  *h4- -rk ..--- is under way on a l a r g e  scale i n  our 
oount ry ,  i n  the USA and i n  England. I n  our aomi rg ,  ~ G P  ex=~= 
ple,  the largest of all devfees of t h i s  type is i n  o p e r a t i o n  
and has been given the des igna t ion ,  "Ogra." A t  the presant  
t i m e  nOgra-Z" has gone i n t o  operation. In the USA there a r e  

All t h i s  a p p l i e s  t o  systsms which have r e c e i v e d  ths 

Experimenters paid the greatest  a t t e n t i o n  t o  t h e  prob- 



. "AlioeR and lrSeylla;R i n  England there i 8  nPhoenix.R 

a 

In  systems of this t y p e  plasma can be obtained by 
various methods, In the f i r s t  plaoe, it is simply "oolleotsd 
fragment by fragment" from i nd iv idua l  p a r t i c l e s ,  i, e. par- 
t i o l e s  are i n j e c t e d  i n t o  a magnetio field. Further, glama 
em be produced by i n j e c t i n g  glasmoids from speoiaz pp51gnetLcr 
guns and compressing t h e m  i n  a magnetio f i e l d ,  Use can be 
made o f  the so-oal led turbulent-heat ing method which has been 
suoue8~ft1Xl.y employed by Ye. K, Zavoyskig in Bdoscraa and by 
etaff members of the I n s t i t u t e  o f  Nuelear Physics  in Nova- 
s i b i r s k ,  

Plasma Instability -- D e t r i m n t  and Benefit 

Plasma with hot eleotrona oan be oonfined f o r  many 
milfieecondo but i n  all t h e  oases tha t  88 know about from 
fo re ign  literature plasma was sucoessfully oonfined i n  a sys- 
tem with h o t  ions for only a few microseconds, Consequently, 
such a t r a p  h a s  an i n s t a b i l i t y  w h i o h  i a  of an altogethatr Bat- 
ural charaoter .  

The magnetiu f i e l d  inareasea in 8 l ong i tud ina l  direa-  
t i o n  bu t  deereases  in a tranmrarse d i r e c t i o n .  Plasm3 1s a 
diamagnetto,  If any l i t t l e  tongue s t i cks  out l a w a I l y  f r o m  
i t ,  on en te r ing  a weaker field this tongue n a t u r a l l y  pro- 
t r u d e s  further, 

simple desiglf 
show t h a t  s t a b i l i t y  o m  be aersureil if ho t  p l a s m  is surround- 
ed by a cloud of oold pl aam, "he e x t e n t  t o  which this meah- 
anism wiXlbe s f f e a t i v e  rmainca an open ques t ion  at  the pres- 
ent  t i m a t .  

the aornplarity of the g e o m e t r y  o f  the magnetio f i e l d  some- 
what and t o  8 W i t o h  fro= a systan of t h e  type eonsidered above 
t o  magnetio f i e l d s  that inorease i n  a l l  diractlons,  Magnetic 
fields o f  t h i s  k ind  ( they  are ca l led  hybrid magnetic f i e l d s )  
were first tested by M. s, Io f f e  and his aseooiatas a t  the  
I n s t i t u t e  of Atomio Energy f m e n i  I. V ,  Kurcbatov [See Note] 
(Figure 5). 
8 Y s t e m  haa t o  be stable  in this oase,  One can see h e m  the 
c l e a r c u t  t i rmsi t ion  f r o m  uale%a'ib t ; ~  stah,le s y s t e m ;  

Can suoh i n a t a b i l i t y  be overoome w i t h i n  the scope of 
Thears. a r e  a numberr of investigations uhich 

The s imples t  wag out of t h i s  s i t u a t i o n  is t o  i n w e a s 8  

For the commonest and s imples t  reason8 the 

[Notel: See Priroda (Nature) ,  1964, NO. 2, B. 117, 
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Figure 5, Diagram of trap w i t h  combined mag- 
netits f i e l d :  ~--supplerrrtntal  conductors with 
eur ren t ;  - 2 -= w i l e  o f  b a s h  magnetic f i e l d .  

When these first experiments were published i n  1968, 
they evoked ex tens ive  comment abroad. Now many Amrioan an8 
E n g l i s h  devioes  have been reconstructed aocording t o  the 
hybr id- f ie ld  pr inc ip le .  

Tho experiments of M, S, I o f f e ' s  group oonolusively 
demonstrated that glaa~lma Ban be s t a b l y  confined i n  a re- 
s t r i c t e d  region but ,  t o  be s u m ,  given a d e n s i t y  which a t  
present  does n o t  m u d  exoeed 101' p a r t i o l e s  per oubio uenti-  
meter. It is not o lear  just what w i l l  happen a t  g rea t e r  
d e n s i t i e s ,  

With every passing month t h e o r e t i o e l  ana lysfs  brings 
up new kinds of plasma i n s t a b i l i t y  i n  M. S, I o f f a ' s  t r a p ,  
Although the  simplest  kind of  i n s t a b i l i t y  has been overoome, 
it d o e s  not follow t h a t  t h i s  will oontinue t o  be SO s inoe  
we a r e  encountering a vas t  number of new types o f  i n s t a b i l i t y  
a s soc ia t ed  with new types of resonant buildup o f  o s c i l l a t i o n s  
i n  magnetio systems, and it i s  ve ry  d i f f i c u l t  t o  say whether 
with further increase  of densi ty  it will be poss ib l e  t o  
s k i r t  this tremendous mass of reefs, If we a r e  a b l e  t o  get 
t o  a dens i ty  level of 1013-1014 p a r t i c l e s  pe r  oubio c e n t i -  
meter, this w i l l  mean tha t  we a i 1 1  overcome t hese  d i f f i c u l -  
t i es  s a t i s f a c t o r i l y ,  

o f  oourse, it is important t o  oontinue research  on ques t ions  
of s t a b i l i t y ,  it being necessary t o  prooeed f r o m  j u s t  es tab-  
l i s h i n g  the appearance of i n s t a b i l i t y  t o  o a l c u l a t i n g  the 

What fundamental problems now wnfront  us? For theory,  
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h t r a n s f e r  o o e f f i c i e n t s  t h a t  charaoter ize  h e a t  conduction and 
d i f fus ion  in plasma, given various mechanisms whereby devia- 
t i o n s  f r o m  the  s t a b l e  s ta te  arise.  

As f o r  experimentation, the most important problem 
is t o  continue t h e  inves t iga t ion  o f  plasma i n  magnetic t r a p s  -- pr imar i ly  i n  such t r a p s  a s  a w u r e  the  complete overoomin - of the most hazardous large-aoale ina tab  ilit i e s  o& 
netohydrodynamic type ,  In t h i s  conneotion p l a s m  d e n s i t y  
must g radua l ly  be inoreased in o r d e r  t o  888 whether we w i l l  
be a b l e  t o  pene t r a t e  the new b a r r i e r s  awaiting us, 

Moreover, even if we a r e  able t o  b r i n g  about s t a b l e  
plasma confinement, t h i s  does not mean t h a t  the problan of 
obta in ing  dense hi&-temperature  plasma ha8 been solved. 
We st i l l  need t o  have good heat ing methods. 

t u rbu len t  hea t ing  of plasma, developed by Ye, K, Zavoyskiy 
and atair" a ~ k s r z  E? +.ha Institute of Nuclear Physios of t h e  
S ibe r i an  Department of the Asademy o f  Scienoes USSR, 

We have already mentioned the new method f o r  the 

!Chi8 method makea e f f i c i e n t  use o f  the o r i g i n a l ,  
i n i t i a l  i n s t a b i l i t y  t o  heat  t h e  plasma. Then t h e  i n s t a b i l -  
i t y  oomes t o  an end and i n  p i n c i p l e  the plasana with which 
one caD work furthtir has to be produced, Thus, one not only 
h a s  t o  combat i n s t a b i l i t i e s ,  but m u s t  a l s o  use them under  
o e r t a i n  cond i t ions  in o r d e r  to b ring about th e i n i f i a l  ram- 
i n g  up of such a system. 

Another problem is sornswhat t o  the side, In  our first 
experiments we found t h a t  unstable plasma serves as a source 
of f a a t  p a r t i o l e a ,  I n  a l l  subaequent experiments r e sea rche r s  
r epea ted ly  oame aorosa theer and sometimes took them a s  t h e  
re-mlt o f - t h e  thermonualear prooess, 
r e s u l t  of the f a c t  t h a t  u n s t a b b  glaarma oont inuomly  produces 
f a s t  g a r t i c  les, 

Actua l ly ,  this was the 

C h a r a e t s r i s t i o  of any -- a lbe i t  weakly t w b u l e u t  -- 
glasrma is the p a r t i c l e  energy-spectrum depioted i n  Figum 6 ,  
Superimposed here  on t h e  usual  Maxwellian d i s t r i b u t i o n  i s  a 

i n d i c t a t i n g  the exoess  of fast p a r t i c l e s ,  We encoun- 
t e r  suoh a phenomenon i n  a l l  experiments: if the  plasma be- 
gins t o  ~ ? - - ~ - - n n  yu A.E P I  - 1 j a h t . l ~ ~  "--- - -" f a s t  mr t io les  ahon up i n s t a n t l y .  
Evidently,  analogous girooesses result in the o r i g i n  Sl" T G S ~  
p a r t i e l e e  a r r i v i n g  here f r o m  the Sun's surfaoe, as well a s  
a c e r t a i n  po r t ion  of the cowaicr r ays ,  Thus t h e  non-Maxwell- 
i an  aharaoter  of t h e  speotrula is a sper r i f ie  pectuliari tY Of 
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L of nons ta t ionary  plasma, 
genera l  l a w  exis ts  to descr ibe phenomena o f  ais kind, 

It is d i f f i c u l t  t o  say whether a 

---a - n + i n ? ~ =  Figure 6,  Enmgy speotrum or" pia- A V I V A -  - , 
Shown along the  a x i s  of a b s c i s s a s  is energy W; 
along axis of ordinates the logar i thm of the- 
d h t r i b u t i o n  f ino t i o n ;  shown by the broken 
line is Maxwellian d i s t r ibu t ion :  1 -- non- 
Maxwellian u t a i l n  '(Rhich is explainzd by pro- 

oeeaes o f  p a r t i c l e  a m e l e r a t i o n  in p l a s m  

But even if no general mechanism e x i a t s ,  one will a l -  
ways f i n d  the per t inen t  concrete m e c h a n i s m  o f  s t o c h a s t i o  
( p r o b a b i l i s t i e )  d i s p e r s i o n  in plasma waves of 0- type or 
another ,  C h e r a a t e r i s t i a  of all the known experiments is the  
f a o t  that  it i s  d i f f i c u l t  t o  obtain plasma without an excesa 
of fist p a r t i c l e a ,  

* * * 
What, now e are the prospeots o f  t h m m n u o l e a r  syn- 

thesis?  

It is hard t o  make greoiee pred ic t ions ,  One thing 
is c l e a r ,  of course; a very g r e a t  step fbrward has been made, 
Aotua l ly ,  i n  comparison with what we had about f ive  t o  seven 
gears ago, o u r  proapeota of t&sy a m ,  l e t  ~GS e q  caut ious-  
l y #  far more favorable ,  Onoe the hybr id- f ie ld  system had 
been a rea t ed  and plasma had bean freed of  elementary i n a t a b i l -  
i t y  of  the convective type,  the road ahead lay  open, 
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I Therefore we can say that when t h e  concrete need for 

8 time . thermonuclear energy appears, the problem will, obviously, be 
8olved.  But we must hope that we s t i l l  have a margin& 
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